their own voice and the voices of others as a guide to establishing the coordination and sequencing of movements of vocal structures required for accurate articulation (Nickerson & Stevens, 1973) . The profoundly hearing-impaired child has reduced access to this acoustic feedback, and this may impede the development of nonsegmental and segmental speech production skills (Binnie, Daniloff, & Buckingham, 1982; McGarr & Osberger, 1978) . Frequent and consistent application of traditional methods of speech therapy may often result in improvements in intelligibility and articulation for these children. However, despite receiving therapy, many profoundly hearing-impaired children continue to develop and produce speech that differs from normal speech in a multitude of ways (Gold, 1980; Nickerson & Stevens, 1973) . For these cases reliance only on hearing aids and lipreading combined with standard speech therapy is clearly insufficient, and an alternative or supplementary approach may prove beneficial.
The use of speech-training devices in speech production therapy has been extensively examined, with the use of computer-based, visual and tactile aids being suggested (Houde & Levitt, 1980; Mc-Garr, Head, Friedman, Behrman, & Youdelman, 1986) . However, many of the devices developed have the disadvantage of being classroom or home-based, and can only be used for limited periods of time. In contrast, wearable speech-training devices can provide on-line feedback in daily communication. Online feedback may facilitate the improvement of speech production patterns by enabling the child to constantly self-monitor, rather than affording this opportunity only in training sessions (Houde & Levitt, 1980) . In addition, on-line feedback may increase speaker awareness of the kinesthetic sensations associated with speech production (Stratton, 1974) . This increase in sensitivity may, in turn, result in carry-over of speech production improvements to nontraining and device-off conditions. Wearable speech-training devices are also more suitable for young children, who are less likely to spend time with a classroom or home-based aid, but may utilize a wearable device during normal daily activities. This is an important advantage, as young children are optimally predisposed toward the inte- 
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EAR & HEARING I APRIL 1995 gration of stimuli from various sensory modalities. It is assumed that this predisposition will encourage more effective use of the minimal auditory and visual cues available, and maximize the use of proprioceptive cues in the control of speech articulators (Nickerson & Stevens, 1973) .
The tactile modality has been extensively investigated as an avenue for presenting speech information through wearable devices, with most research focusing on the presentation of information for speech perception (see reviews by Lynch, Oller, & Eilers, 1989; Reed, Durlach, Delhorne, Rabinowitz, & Grant, 1989; Weisenberger, 1989) . The use of these perceptual devices in the role of speech production training aids assumes that the devices would process the speech of the user in the same manner as the speech of others, and that the additional information provided would lead to improved speech production. However, previous research with hearing aid users has shown that, while good speech producers were nearly always good speech perceivers, good perceivers were not always good producers (Stark & Levitt, 1974) . Similarly, although subjects may clearly show benefits to speech perception from the reception and use of information provided through a tactile device, the ability of subjects to monitor and use tactually presented information about their own speech patterns cannot be assumed. It is therefore important that any tactile device be separately evaluated for speech production benefits.
Evaluations of a number of tactile devices have indicated benefits for speech production. The use of a single-channel vibrotactile aid (Tactaid I) was shown to produce qualitative changes in the speech and language of four profoundly hearing-impaired children aged 2.5-6 years old (Goldstein & Proctor, 1985) . After 10 months of training with the Teletactor and the Oregon vocoder, thirteen 3-to 6-year-old children had made phoneme and word production gains, and had generally improved their imitative and functional use of speech (Oller, Eilers, Vergara, & LaVoie, 1986) . These improvements were made at a faster rate than had been shown in previous school and therapy exercises. In an extension of this study, 11 children, average age 5.3 years, demonstrated greater improvements in phonetic information in pronunciations and contrasting syllables in imitative productions than 15 control children, average age 7.3 years (Eilers, Oller, & Vergara, 1989) . A more recent study matched users of the Nucleus 22-channel cochlear implant, the Tactaid I1 or VII and hearing aids (Geers & Tobey, 1992) . Assessments of phonetic (imitative mode) and phonological (spontaneous mode) aspects of the 12 children's speech over 2 years showed that the Tactaid users improved in 51% of the 39 speech feature/mode/ position combinations examined-as compared with 15% for hearing aid users and 72% for cochlear implant users. It is clear from the results of these studies that the provision of tactile information over time may result in improvements in a number of aspects of speech production.
The studies discussed above evaluated use of tactile feedback by assessing the improvements in speech production which were made over the time the children used their tactile device. Maintenance of these speech production improvements may not require the presence of on-line tactile information. However, results of Waldstein's (1990) study of seven post-linguistically deafened adults indicated that on-line auditory feedback was required to accurately maintain timing of voice onset, formant frequency range, absolute duration of vowels, duration of sentences, and fundamental frequency jitter. In addition, changes in vowel acoustics and average airflow measured in a study of three adult cochlear implantees indicated that, along with long-term calibration, auditory feedback was required for additional fine tuning on an on-line basis (Svirsky, Lane, Perkell, & Wozniak, 1992) . Furthermore, in a study of speech production of children with a cochlear implant, Tobey et al. (1991) found that more centralized second formant frequencies were produced by 13 children when their speech processors were turned off, suggesting that on-line auditory feedback played a role in the accurate production of second formant frequency. The results of a fourth study were more varied, with the on-line use of auditory feedback from the cochlear implant to recalibrate the articulation of vowels being found to be particular to the individual (Richardson, Busby, Blarney, Dowell, & Clark, 1993) . Additionally, it was suggested that the on-line use of feedback may be affected by etiology, speech processing strategy, baseline speech production, and consonant environment. Nonetheless, all of these studies demonstrate that on-line auditory feedback is useful for the self-monitoring of some aspects of speech production.
The importance of on-line tactile feedback to the speech production of children using tactile devices has also been evaluated. A case study involving a 2.5-year-old using the Tactaid I reported more appropriate use of volume and vocalization when the tactile device was used (Geers, 1986) . Furthermore, 25 listeners indicated that this child's recorded imitations of words matched the teacher's productions more closely when the Tactaid was on, with improvements shown in voice quality, prosody, and segmentation. Weisenberger and Kozma-Spytek (1991) evaluated the speech production of three 12-year-old7 prelingually profoundly hearing-im-paired children using the Tacticon TC-1600. Significantly more initial consonants (for one subject) and final consonants (for another subject) were identified by 42 teachers of the deaf when the tactile device was used. When tracking session videotapes were presented, the teachers rated two of the subjects as having significantly improved the general quality of their speech and their interaction. One of these subjects was also rated as having significantly improved his vocal quality, accuracy of articulation and inclusion of initial consonants. Both of these studies indicate that on-line tactile feedback can be beneficial in the on-line self-monitoring of aspects of speech production, and not just in promoting speech developments which can be integrated into the user's speech over the long term.
A device-oddevice-off comparison of speech production, such as is implemented in the present study with the multichannel electrotactile Tickle Talker, is not sensitive to changes in speech production which are maintained in the absence of on-line feedback. Evaluation of these changes requires assessments of speech production over time. However, when assessments over time are made it is often difficult to isolate the cause of any improvements shown to one factor, such as the contribution of the tactile information. This difficulty is exacerbated when a small subject group is involved, as in the present study. For these reasons, the design of this study is limited to a device-oddevice-off comparison that is only intended to indicate any benefits to articulation that are reliant on the presence of on-line tactile feedback. The strong advantage of this design is that any improvements in speech production shown by the subjects in the device-on condition will clearly be due to the presence of the tactile information, as this is the only difference between the two assessment conditions.
AIM
The aim of this study was to assess the use of on-line tactile feedback provided by the University of Melbourne's multichannel electrotactile Tickle Talker as an aid to articulation accuracy. The evaluation compared the articulation accuracy in six children's conversational speech samples collected with the Tickle Talker on and with the Tickle Talker Off.
METHOD Device
The Tickle Talker was designed primarily to provide improved speech perception for patients unable to benefit from or proceed with cochlear implanta-tion (Blarney & Clark, 1985) . The device has been shown to provide substantial speech perception benefits to hearing-impaired children and adults (Cowan et al., 1990 . It is a battery-powered, wearable device, consisting of a lapel microphone, a speech processor and an electrode handset of four rings. Two electrodes are positioned in the sides of each ring to stimulate the digital nerve bundles in the fingers of the nondominant hand. This stimulation site provides a more pleasant sensation and a wider dynamic range than that provided by electrocutaneous stimulation of other body sites. In addition, the digital nerves provide a well-ordered spatial display of information with very high electrode position recognition scores (Blarney & Clark, 1987) .
The Tickle Talker processing hardware is based on the speech processor used with the Nucleus Minisystem-22 cochlear implant (Seligman, 1987) . Speech feature information is encoded in a series of biphasic electrical pulses, and is presented as electrical parameters to the user through the eight electrodes. The device provides (i) an estimate of the fundamental frequency (FO), (ii) an estimate of the second formant frequency (F2), (iii) the amplitude of F2, and (iv) an indication of the presence of high frequency information above 4 kHz. FO is electrically encoded as pulse rate, and changes in FO are perceived by the user as altered "roughness" of stimulation. This perception of roughness provides information on syllable stress and consonant voicing. F2 is encoded and perceived as the particular electrode stimulated, providing information on vowel formants and high frequency fricatives. The amplitude of speech is encoded as pulse width, and is perceived as changes in the intensity of stimulation, to provide information on syllable number and stress, vowel duration, and consonant manner and voicing. The presence of high frequency information, such as is produced by high frequency fricatives, is indicated by stimulation on electrode 8. Ongoing improvements were made to the speech encoding schemes used in the Tickle Talker speech processor (Cowan, 1991) . The speech samples recorded for this study were collected from subjects using an advanced encoding scheme, which explicitly indicates presence/absence of voicing in addition to the other features.
Threshold and comfortable pulse widths for each electrode are selected by the user over the range of 10-1000 p s , and are then programmed into the speech processor. These levels are monitored, and adjusted as required, to ensure the comfort of the electrotactile sensation and the optimum dynamic range for each electrode. A more detailed description of the electrical parameters and device function is presented in Blarney and Clark (1987) and Cowan, Alcantara, Blarney, and Clark (1988) .
Subjects
All subjects were profoundly hearing-impaired children and suffered no other major disabilities. They were selected by their schools to join the Tickle Talker program as they were not, in the opinion of their teachers, achieving their predicted potential in speech perception andor speech production. Six subjects for whom conversational speech samples with and without the Tickle Talker had been obtained in a single session were included. Table 1 provides audiological details of the subjects. Table 2 presents the aided thresholds for the five subjects who wore hearing aids; subject 16 was not fitted with hearing aids. Subject numbering for this study is consistent with that used in previous studies of speech perception benefits with the Tickle Talker (Cowan et al., 1990) . Table 3 indicates the age at which each subject was fitted with the Tickle Talker, and the years of device use prior to the collection of the speech samples analyzed for this study. Subjects 1, 5, 6, 7, and 8 were between 8 and 12 years of age when fitted with the Tickle Talker, while subject 16 was Galvin, Cowan, Sarant, Blarney, and Clark (1993) . Although the children were occasionally encouraged to compare the tactile representation of their speech productions with those of the audiologist, the main focus of the training sessions remained speech perception, and no formal speech production training was provided. Prior to 1991 all subjects attended twice-weekly sessions of approximately 45-minute duration during the school term. Difficulties with school curriculum timetabling in 1991 necessitated a reduction in contact sessions to 30 minutes twice-weekly for subjects 7 and 8, and 45 minutes once-weekly for subject 16. During 1992 subject 1 only attended five sessions due to the closure of her school. This subject's use of the device during this time may not have been as consistent as it was previously. Subject 5 also changed schools at the start of 1992, and used the device infrequently during this year (also the period during which she was assessed for eventual cochlear implantation). Furthermore, in the opinion of her teachers and research audiologist, this subject was a particularly inconsistent user of the device.
Experience with the Device

Speech Sample Collection
The articulation accuracy of the subjects was examined through analyses of samples of their conversational speech. Although use of connected speech sampling has been criticized on the basis of the potential for variations in the administrative conditions, test methods, materials (Markides, 1983) , and verbal behavior of the examiner to produce measurable differences in language samples obtained (Cowan, Weber, Hoddinott, & Klein, 1967;  Ahmed, Reference Note 11, this sampling method was deemed to be the most suitable method to provide a variety of phoneme samples and information on co-articulation in running speech. The procedure is particularly appropriate as the aim of the study is to consider the role of tactile information in the self-monitoring of articulation in connected speech.
Conversation sampling was chosen as the method most likely to provide valid and representative samples of the children's connected speech. This was based on studies comparing language samples obtained from children through picture description and conversation which showed that unstructured conversational situations produced samples of greater quantity and complexity, with adult-child conversations being the most efficient (Longhurst & Grubb, 1974) . Other researchers have recommended the use of meaningful contexts, familiar settings, noncontrived situations and age-appropriate and motivating activities to obtain a representative speech sample (Roth & Spekman, 1984) .
Conversational sample collection was facilitated by the long-term relationship and rapport developed between the subjects and the research audiologist acting as the conversation partner. Two research audiologists were involved, one acting as the conversation partner for subjects 1, 7, 8, and 16, and the other being the partner for subjects 5 and 6. To remove the stress of face-to-face testing, and to maintain the flow of the interaction, on-line transcription was not employed. The speech samples were recorded audio-visually using a National F2 video camera andva hational 180A portable video recorder. Use of audio-visual recording allows repeated viewing, and has been shown to enable multiple levels of analysis of the speech samples (Roth & Spekman, 19841 , and to maximize intelligibility scores by allowing judges to consider the position of the child's articulators in their decisions (Kricos, Lesner, & Lazarus, 1990) . Subjects 1, 5, 6, 7, and 8 wore their binaural hearing aids during all conversations. The subjects were not discouraged from lipreading; however, no form of manual supplement to communication was used. Two samples, one with the Tickle Talker on ("device-onyy) and one with the Tickle Talker off ("device-off"), were recorded in succession at each assessment. In general, the device-on speech sample was obtained first, followed immediately by the device-off sample. The device condition was reversed and the recording was concluded when the audiologist judged that the sample was large enough, or when the session time was finished. As detailed below, the initial portion of each device-on sample and each device-off sample was discarded. The speech samples used in the present study were the most recent samples recorded for each subject. The dates of sample collection are shown in Table 3 .
Speech Sample Transcription
All tapes were orthographically transcribed by the audiologist who was the conversation partner for subjects 1, 7, 8, and 16. The majority of transcriptions were completed within 1 wk of recording. After the first draft transcription, the videos were replayed twice to check the draft accuracy. The equipment used was a National 180A portable video cassette recorder and a National Quintrix monitor. The final check was completed in a soundproof room using a Panasonic AG7500 video cassette recorder and a Panasonic AGA75 editing machine. Difficultto-transcribe sections were replayed up to five times to take advantage of context. The conversation partner for subjects 5 and 6 was occasionally consulted for clarification (e.g., for names of the child's siblings) during the transcription of the speech samples of these subjects.
The following were discarded from the orthographic transcriptions: i) utterances produced while the child was laughing or yawning, ii) muttered words, iii) incomplete words (for example, when the child changed hisher mind in the middle of a word and used an alternative word), iv) words over which the audiologist spoke. The 12 orthographic transcriptions (6 subjects X 2 conditions) were then entered into the Computer Assisted Speech and Language Analysis (CASALA) program (Blarney, 1993) . To ensure that the children 214 EAR & HEARING I APRIL 1995 were relaxed and that the flow of conversation had been established prior to the section of speech to be analyzed, the first 50 words of each transcription were discarded. The CASALA program then selected the next 100 original words from each transcription. A word was only included on its first occurrence so that the repeated and often poorly produced expressions of assent and dissent and requests for clarification used by the children were only included in the analysis once. For subject 6 in the device-on condition there were only 99 original words available for selection.
The 100 hundred words selected from each orthographic transcription were then phonemically transcribed using a narrow transcription method. The phonemic transcriptions were completed in a soundproof room, using the equipment described above. The audiologist was not blind to the device condition of the conversation being transcribed, since the same researcher had collected many of the conversational samples, and had prepared all of the orthographic transcriptions. The 12 speech samples were transcribed in random order. To balance possible changes over time in the decision criteria used by the transcriber, the first 50 words from each sample were phonemically transcribed in the determined random order, with the final 50 words from each sample being transcribed in reverse order. To assess intra-transcriber agreement the phonemic transcription of two 25 word segments, randomly chosen from the 12 orthographic transcriptions, was repeated, without reference to the first transcription, and at least 3 months after the original. To assess inter-transcriber agreement, a second researcher independently phonemically transcribed four 25word segments randomly chosen from the 12 orthographic transcriptions. This listener was blind to the device condition of each conversation.
The phonemic transcriptions of the 100 words from each speech sample were then entered into the CASALA program. The program compared the phonemic transcription of each word with the correct phonemic transcription for that word stored in CASALA. The correct phonemic transcriptions were originally obtained from The Macquarie Dictionary (Delbridge, Bernard, Blair, & Ramson, 1987) . In this way, the CASALA program calculated the percentages of total, initial, medial and final vowels, consonants, and overall phonemes that were correctly articulated in each set of one hundred words. As there were a small number of clusters in each position category, the consonants in clusters were counted individually. "2 by 2" contingency tables, incorporating the number of correct and the number of incorrect articulations in each condition, were then created for each device-on versus device-off score pair. A chi-square analysis was carried out for each contingency table to assess the significance of any differences in articulation accuracy scores between the device-on and the device-off conditions. The CASALA program also calculated the incidence levels of phonological processes which operated on each subject's speech in the two conditions. This information was used to consider the improvements underlying any significant change in the number of correct articulations produced by a subject in the device-on versus the device-off condition.
RESULTS
The intra-transcriber agreement levels calculated were 95% for a broad transcription method, and 70% for a narrow transcription method (as calculated using the method described by Shriberg and Lof (1991) ). Similar calculations found inter-transcriber agreement levels of 86% (for a broad transcription) and 76% (for a narrow transcription). Table 4 reports the percentages of total vowels, consonants, and overall phonemes correctly articulated by the six subjects. The table lists device-dn and device-off percentage correct scores for each subject in each category. Subjects 5 , 6 , and 7 did not demonstrate any significant ( p > 0.05) changes in the accuracy of their articulation in the device-on condition versus the device-off condition. Subjects 1, 8, and 16 displayed some significant improvements in articulation accuracy, and their scores are presented in more detail in Tables 5, 6, and 7, respectively. Table 5 , significant improvements ( p < 0.03) in device-on articulation accuracy for subject 1 occurred on initial consonants (12.1%) and initial phonemes (11.2%). The most common error made by this subject in the device-off articulation of initial consonants was consonant deletion. The incidence of this process was reduced when the Tickle Talker was used. The other processes acting on initial consonants (voicing, devoicing, stopping, and frica- tion) did not occur as often as consonant deletion, but were also slightly less common in the device-on condition. Together, the reduction in these five processes contributed to a significant improvement in subject 1's articulation of initial consonants. There were very few changes in the frequency or type of phonological processes operating on subject 1's articulation of initial vowels in the device-on as compared with the device-off condition. Therefore, the improvement in initial consonants is the origin of the significant improvement in articulation of initial phonemes calculated for subject 1. Table 6 shows the significant improvements ( p < 0.04) in device-on articulation of total vowels (12%), total consonants (13.4%), initial consonants (21%), total phonemes (12.8%), and initial phonemes (20.5%) made by subject 8. In considering the phonological processes operating on subject 8's articulation of vowels, the main problem areas were vowel shortening, vowel reduction, nasalization, vowel elongation, and, to a lesser extent, vowel deletion. Although the incidence of vowel elongation increased when the tactile information was present, the incidence of vowel reduction and vowel deletion decreased. The reduced incidence of these processes would have contributed to the significant improvement in'this subject's articulation of total vowels. In subject 8's device-off articulation of total consonants, consonant deletion, consonant backing, consonant voicing, and no sound (when the phoneme is mouthed but no sound is audible) were the most common errors, in decreasing level of incidence. All of these processes were less common in the articulation of subject 8 when the Tickle Talker was being used, and this resulted in a significant improvement in total consonant articulation. The incidence of consonant deletion, consonant voicing and consonant backing also decreased in this subject's articulation of initial consonants. These reductions contributed to the significant improvement in the articulation accuracy of initial consonants and initial phonemes shown by subject 8. The results presented in Table 7 show that subject 16 significantly improved ( p < 0.02) on the articulation of total vowels (12.6%) and medial phonemes (14.1%) when the tactile feedback was available. Improvement of 7.1% was also noted on the articulation of total phonemes by this subject in the device-on condition (significance of p < 0.06). The main processes which operated on the device-off articulation of vowels by subject 16 were vowel shortening, nasalization, and vowel reduction. The improvement in device-on articulation of vowels by this subject was mainly due to a reduction in vowel shortening errors on medial vowels, and fewer vowel reduction errors on initial and medial vowels. The main processes involved in the articulation of consonants by subject 16 were consonant deletion, consonant voicing, and consonant backing. The increased number of medial phonemes correctly articulated by subject 16 in the device-on condition was due to a decrease in the incidence of vowel shortening, vowel reduction and, to a lesser extent, consonant deletion, consonant voicing, and consonant backing.
As shown in
DISCUSSION
Three of the six subjects in this study demonstrated significant improvements in the accuracy of their articulation in conversation when using online tactile information provided through the Tickle Talker. These results suggest that the on-line provision of tactile information through this device may benefit the self-monitoring of articulation for some device users. It is of interest to consider the significant improvements in articulation shown by three of the subjects in relation to the speech information supplied by the Tickle Talker.
For subjects 1 and 8, who improved on the articulation of initial consonants, consonant deletion was the most common error being made, and it was decreased for both subjects when the Tickle Talker was used. The Tickle Talker provides information on consonant manner through durational and spectral cues, and specifically encodes the presence of high frequency consonants. These cues would not be readily accessible through lipreading or through the subjects' hearing aids. The two subjects may have used this information to decrease the incidence of consonant deletion in their articulation. Initial voicing was another error which subjects 1 and 8 had in common. For both of these subjects this was not a very frequent error, yet its incidence was reduced in the device-on condition. As consonant voicing is a major perceptual difficulty for children with limited aided residual hearing, the speech processing scheme used in the Tickle Talker was altered to improve the initial voicing cue provided tactually. These two subjects may have used this cue for on-line monitoring of initial consonant voicing.
Significant improvement was shown on vowel articulation by subjects 8 and 16. For both of these subjects there was a decrease in the incidence of vowel reduction when the Tickle Talker was used.
As electrode position indicates second formant frequency, and electrode recognition is one of the easiest tasks to accomplish with the device, these two subjects may have been able to monitor their vowel production through feedback on second formant frequency. Vowel shortening was also an error that was made by subjects 8 and 16 in vowel articulation. However, the incidence of this process was only decreased when the Tickle Talker was used by subject 16. Vowel duration is a very simple cue to perceive through the Tickle Talker and it might have been hoped that the incidence of vowel shortening may also have been decreased for subject 8. A possible explanation is that as he received low frequency information via his hearing aids, and this was the modality with which he had the most experience, subject 8 attended to the auditory signal to discriminate vowel duration. Although he was not always able to correctly discriminate vowel duration using the auditory cue, subject 8 may have shown no device-on reduction in the incidence of vowel shortening as he was ignoring the tactile cue. Subject 16, who did not wear hearing aids, may have attended more closely to the tactile cue to vowel duration, and, therefore, the incidence of this process was reduced in this subject's device-on articulation. Nasalization was an error subjects 8 and 16 both made, yet neither subject showed a decrease in the incidence of this process in the device-on condition. An indication of nasalization may have been provided to the subjects through altered intensity of the tactile stimulus, yet it appears that this cue was too subtle to be of use in articulation self-monitoring.
Although on-line improvements in articulation for prelingually hearing-impaired adolescents represent a very substantial and real benefit not often found in this group, only half of the subjects in this study showed significant improvements in their online articulation accuracy. It is possible that use of the Tickle Talker as a speech production training device is particularly suited to some individuals. A number of variables, such as the subjects' device-off articulation performance, their aided hearing levels, and their ability to use the tactile information in speech perception may have influenced the results.
The device-off articulation performance of the subjects may be relevant as it indicates varying scope for improvement in each child's articulation. Weisenberger and Kozma-Spytek (1991) reported that only one of three subjects using the Tacticon TC-1600 failed to produce syllables which were significantly easier to identify, or to show significant improvements on 12 parameters of speech production during tracking. The researchers suggested that the lack of recorded improvement may have been influenced by the fact that this subject's speech EAR & HEARING, VOL. 16 No. 2 217 may have been considered more intelligible to begin with than that of the other children. In the present study, subject 8, who showed the most device-on articulation improvements, had the poorest deviceoff phoneme articulation score of the six subjects (see Table 4 ). The device-off phoneme articulation score of subject 16, who also showed significant articulation improvements, was worse than those of subjects 1, 6, and 7. However, the device-off phoneme articulation score of subject 16 was better than that of subject 5, who showed no significant device-on improvements in articulation. In addition, subject 1, who made some significant improvements in device-on articulation, had the highest device-off phoneme articulation score. Therefore, it does not seem that the poorest articulators are necessarily the most likely users whose articulation would benefit from the on-line provision of tactile feedback through the Tickle Talker.
It is possible that the tactile information provided by the Tickle Talker may only contribute to the speech of those users not accessing a great deal of acoustic feedback in self-monitoring their articulation. Table 2 reports aided hearing thresholds to give an indication of the level of auditory information available to each subject. For subject 16, who did not wear hearing aids, the information from the Tickle Talker would not be redundant to acoustic feedback. For this reason the on-line tactile feedback may have been more useful to this subject and resulted in significant device-on articulation improvements. This contrasts with subject 5, who obtained only vibrotactile aided hearing thresholds, yet did not show significant device-on articulation improvements. Furthermore, although subject 8 showed significant device-on articulation improvements when using the Tickle Talker, his aided thresholds were not consistently poorer across the frequencies than those of subjects 6 and 7, who showed no articulation improvements. However, it is of interest that on two auditory-alone administrations of the Bamford-Kowal-Bench (BKB) Sentence Test (Bench & Bamford, 1979) subject 8 scored just 10% and 26%. Similarly, although subject 1's aided hearing thresholds were not consistently poorer than those of the other subjects, a n auditory-alone administration of the BKB Test resulted in a score of 0%. Therefore, it may be suggested that the hearing thresholds of these two subjects do not reflect their actual poor levels of auditory discrimination. Unfortunately, auditory-alone sentence-level speech perception results are not available for subjects 5, 6, 7, and 16. In summary, although the use of the tactile information from the Tickle Talker in articulation self-monitoring does not appear to be predictable when based only on a subject's aided thresholds, the subject's access to and use of aided residual hearing in speech perception may be relevant.
The speech perception and psychophysical experiments conducted with the Tickle Talker clearly show that the device provides substantial speech feature information (Blarney & Clark, 1987; Cowan et al., 1990 Cowan et al., , 1991 . However, the extent to which individual users have utilized this information has varied. In light of this, it may be important to consider the observed benefits to speech perception provided by the Tickle Talker to the subjects of the present study. Table 8 reports speech perception scores obtained by the six subjects on the BKB Test (Bench & Bamford, 1979) in the evaluation periods prior to and following the collection of the speech samples. Although the scores obtained by the subjects vary across the two evaluation periods, the largest improvements in perception when the Tickle Talker was used were shown by subjects 8 and 16. On at least one evaluation, each of these subjects improved by more than 22% when using the tactile information. Subject 1 improved an average of 12% when using the Tickle Talker. Although receiving no useful auditory input, subject 5 improved only 6% when using the tactile information. As discussed previously, this child was an inconsistent user of the device, and this may partly explain the lack of improvement shown on the BKB Test. It is possible that subjects 1, 8, and 16 were more aware of and able to use the tactile information in speech production as well as in speech perception. Therefore, a subject's ability to use the tactile information in speech perception may relate to the use of this information to self-monitor articulation. This would be consistent with the finding of Weisenberger and Kozma-Spytek (1991) that the two of three 12-yearold children who showed the greatest gains in tracking rate when using the Tacticon TC-1600 also showed the greatest improvements in speech production during tracking with the device.
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EAR & HEARING /APRIL 1995 Previous studies of tactile feedback have found that some benefits to speech production are integrated into the speech of the user over time, and will not necessarily be detected by a device-oddevice-off comparison. These changes to speech production may occur when the additional information is used to highlight the relevant kinesthetic or auditory information the speaker receives but does not use. Increased awareness of kinesthetic feedback was suggested when children maintained improved fundamental frequency control post-training, without the use of the feedback from the tactile device used during 6 hr of training (Stratton, 1974) . A personal communication from A. E. Geers reported in the study of Weisenberger and Kozma-Spytek (1991) argued that tactile devices may be useful in the initial acquisition of a particular skill, but are not necessarily required for its maintenance once acquired. The longer period of device use experienced by subjects 5 and 6 may have resulted in these two subjects incorporating improvements in articulation resulting from the tactile feedback into their deviceoff speech production. However, subject 1 had also received extensive experience, yet still showed significant differences in initial consonant and initial phoneme articulation in the device-on versus deviceoff comparison. Therefore, it is not possible to assume that subjects 5 and 6 may have incorporated the improvements in their articulation into their device-off speech. This would require ongoing evaluation of the children's speech over time.
As discussed, there is no single definitive rationale or factor which adequately explains the variability in improvements to articulation from use of on-line tactile feedback shown by the subjects in this study. Nevertheless, use of the Tickle Talker benefited speech production (i.e., improved articulation accuracy) in three of the adolescents. This is a very encouraging finding considering the limited number of studies which have examined the use of on-line tactile feedback in speech production by this age group, and also given the traditional dSiculties encountered in improving the speech production of the older hearing-impaired child. The results support the suitability of the Tickle Talker for use in modifying or self-monitoring of the speech production of children who have not responded to more traditional techniques. To more fully explore this proposal, training with the Tickle Talker must be provided to a larger subject group of children with specific articulation difficulties. At this time it would also be useful to trial training strategies aimed specifically at increasing awareness of and use of the tactile feedback information available to maximize benefits to articulation and possibly to other aspects of speech production.
